The effect of Mycobacterium bovis BCG vaccination on interleukin-1␤ (IL-1␤) or regulated-upon-activation, normally T-cell-expressed and -secreted chemokine (RANTES) mRNA expression in guinea pig spleen cells stimulated with concanavalin A, lipopolysaccharide (LPS), phorbol myristate acetate (PMA) plus ionomycin, or purified protein derivative (PPD) was studied in vitro. Similarly, peritoneal exudate cell-derived macrophages from naïve and BCG-vaccinated guinea pigs were infected with M. bovis BCG, Mycobacterium avium, the attenuated Mycobacterium tuberculosis H37Ra strain, or virulent strains H37Rv and Erdman of M. tuberculosis. Total RNA was subjected to Northern blot analysis using probes generated from guinea pig IL-1␤ or RANTES cDNA. Although IL-1␤ and RANTES mRNA could be detected in the spleen cells from naïve animals stimulated with LPS or PMA plus ionomycin, the levels were significantly enhanced after BCG vaccination. mRNA expression was also elevated in macrophages infected with live mycobacteria after BCG vaccination. However, macrophages infected with the virulent H37Rv strain of M. tuberculosis showed 75 to 90% reductions in IL-1␤ expression and 25 to 60% reductions in RANTES mRNA expression compared with macrophages infected with the attenuated H37Ra strain. The IL-1␤ mRNA levels peaked as soon as 1 h after PPD stimulation and 4 h after M. tuberculosis H37Rv infection of macrophages. In contrast, RANTES mRNA expression was delayed until 48 h after infection. These results indicate that molecular mediators produced in response to various stimuli associated with protective immunity against mycobacteria are upregulated after BCG vaccination; however, a significantly weaker response was observed with virulent M. tuberculosis. These initial studies indicate that BCG vaccination has a positive effect on IL-1␤ and RANTES mRNA expression by host cells in a highly relevant animal tuberculosis model.
Tuberculosis remains a major public health problem in many parts of the world. It is estimated that one-third of the world's population is persistently infected with Mycobacterium tuberculosis (20) . The emergence of drug-resistant bacteria and the increased prevalence of mycobacterial infections in AIDS patients have only magnified this problem (47) . The only vaccine currently available for tuberculosis is Mycobacterium bovis BCG. Although BCG vaccine is widely used throughout the developing world, the efficacy of this vaccine is affected by unknown environmental and host factors in certain high-risk populations (9) . It is known that resistance to tuberculosis requires the development of an effective cell-mediated immune response involving cooperation between the antigenspecific T cells and macrophages (26) . Several cytokines and chemokines have been identified as critical factors in the interaction between sensitized lymphocytes and infected macrophages during the initial stages of infection in a previously vaccinated host (1) . Among the many cytokines, gamma interferon (IFN-␥) and tumor necrosis factor alpha (TNF-␣) appear to be important in antimycobacterial defense, while other cytokines, such as interleukin-10 (IL-10) or transforming growth factor ␤ (TGF-␤), have been shown to downregulate immune responses to mycobacteria (12) .
IL-1␤ has been shown to play an important role in host resistance to mycobacteria (48) . Both M. tuberculosis and its cell wall components are known to induce IL-1␤ expression in human monocytes and macrophages (36) . In addition, increased gene expression of IL-1␤ was observed in bronchoalveolar lavage (BAL) cells from tuberculosis patients when they were compared with cells from healthy individuals (25) . The levels of certain proinflammatory cytokines, including IL-1␤, produced after mycobacterial stimulation have been reported to depend on the virulence of the organism (25) . In vitro studies have indicated that virulent organisms induce lower levels of IL-1␤, thereby escaping host defenses by limiting the production of proinflammatory cytokines that contribute to the development of resistance (33) .
Regulated-upon-activation, normally T-cell-expressed and -secreted chemokine (RANTES), a CC chemokine, is produced by a variety of cell types, including T cells and macrophages. RANTES induces migration of T cells with the memory phenotype, as well as monocytes and macrophages, the two principal cell types seen in granulomas (3) . Expression of RANTES has been detected predominantly in the macrophages and endothelial cells in the granulomatous lesions of both sarcoidosis and tuberculosis patients (13) . In vitro stimulation of human umbilical venous endothelial cells with IFN-␥ and TNF-␣, two cytokines that are found at high levels in granulomas, induced the production of RANTES protein (27) . Granulomas elicited by purified protein derivative (PPD)-coated beads in IFN-␥ knockout mice had decreased levels of TNF-␣ and RANTES mRNA, suggesting that reduced expression of RANTES is associated with a loss of protective cytokines (6) . Recent findings indicated that RANTES mRNA was expressed in the spleen and lymph node cells of nonimmunized and BCG-vaccinated guinea pigs (21) .
The mechanism regulating the immune responses against mycobacterial infections in mice has been extensively studied (10, 15) . However, a large inoculum has usually been employed to establish the infection in the mouse model. Moreover, there are differences in disease pathogenesis between mice and humans. For several years, we have been using a well-established guinea pig model of low-dose pulmonary tuberculosis (31) . We have characterized the course of the progressive disease caused by the virulent strain M. tuberculosis H37Rv and have begun to elucidate the mechanisms by which BCG vaccination protects guinea pigs. We have also studied the self-resolving disease induced by infection with the attenuated H37Ra strain (28) . Recently, the availability of guinea pig chemokine and cytokine cDNA clones (3, 46) allowed us to undertake novel studies with this model to examine the immunobiology of vaccine-induced resistance.
In the present study, we determined whether BCG vaccination influenced the expression of IL-1␤ and RANTES mRNA in cultured guinea pig cells stimulated in vitro with various agonists or live mycobacteria with probes derived from guinea pig cDNA clones. Our results indicate that expression of IL-1␤ and RANTES mRNA increases after BCG vaccination. Furthermore, infection of macrophages with the virulent strain of M. tuberculosis, but not infection of macrophages with an attenuated strain, resulted in reduced expression of these molecular mediators of a protective immune response against mycobacteria.
MATERIALS AND METHODS
Animals. Outbred Hartley strain guinea pigs (Charles River Breeding Laboratories, Inc., Wilmington, Mass.) weighing 200 to 300 g were used in this study. The animals were housed individually in polycarbonate cages in a temperatureand humidity-controlled environment with a cycle consisting of 12 h of darkness and 12 h of light. Animals were given commercial chow (Ralston Purina, St. Louis, Mo.) and tap water ad libitum. All procedures were reviewed and approved by the Texas A&M University Laboratory Animal Care Committee.
BCG vaccination. Guinea pigs were vaccinated intradermally with 0.1 ml (10 3 viable units) of M. bovis BCG (Danish 1331 strain; Statens Seruminstitut, Copenhagen, Denmark) in the left and right inguinal regions. The lyophilized vaccine was reconstituted with physiological saline just prior to use. Preparation of spleen cells. At 4 to 6 weeks postvaccination, guinea pigs were anesthetized by intramuscular injection of ketamine hydrochloride (30 mg/kg of body weight; Ketaset; Fort Dodge Laboratories, Inc., Fort Dodge, Iowa) and xylazine (2.5 mg/kg; Rompun; Fort Dodge Laboratories, Inc.). The guinea pigs were then euthanized by cardiac injection of 100 mg of sodium barbital (Sleepaway; Fort Dodge Laboratories, Inc.) per kg. After peritoneal exudate cells (PEC) were collected as described below, the spleen was removed aseptically from each animal and homogenized in RPMI 1640 (Irvine Scientific, Santa Ana, Calif.). The medium was supplemented with 2 M glutamine (Irvine Scientific), 0.01 mM 2-mercaptoethanol (Sigma, St. Louis, Mo.), 100 U of penicillin (Irvine Scientific) per ml, 100 g of streptomycin (Irvine Scientific) per ml, and 10% heat-inactivated fetal bovine serum (Atlanta Biologicals, Norcross, Ga.). The erythrocytes in the spleen cell homogenates were lysed with ACK lysing buffer (0.14 M NH 4 Cl, 1.0 mM KHCO 3 , 0.1 mM Na 2 EDTA [pH 7.2 to 7.4]). The cells were washed three times in RPMI medium, inoculated into 50-ml polypropylene tubes at a concentration of 2 ϫ 10 6 cells/ml in a total volume of 5 to 10 ml, and incubated at 37°C in the presence of 5% CO 2 8 CFU per ml. At the end of the incubation period, the medium was removed by centrifugation, and total RNA was extracted from the cells with the Trizol reagent (Life Technologies, Grand Island, N.Y.). The untreated control cells were maintained in culture during the whole experiment and were processed in the same manner as the treated cells.
Harvesting of PEC. The macrophages used in this study were derived from PEC harvested from the peritoneal cavity by using a modification of methods described previously (17) . Briefly, BCG-vaccinated and nonvaccinated guinea pigs were injected intraperitoneally with 5 ml of 2% sodium thioglycolate (Becton Dickinson, Cockeysville, Md.). Four days later, the guinea pigs were euthanized as described above, and the peritoneal cavity of each animal was flushed three times with 20 ml of RPMI medium containing 20 U of heparin. The cells were washed in RPMI medium two or three times, counted, and suspended at a concentration of 5 ϫ 10 6 cells/ml in RPMI medium containing 2-mercaptoethanol, glutamine, antibiotics, and 10% fetal bovine serum. A total of 2 ϫ 10 7 cells were allowed to adhere for 24 h to 100-mm-diameter plastic petri dishes (Becton Dickinson Labware, Franklin Lakes, N.J.) which had been precoated with inactivated guinea pig serum (Harlan Bioproducts for Science, Indianapolis, Ind.) for 30 min, and the petri dishes were incubated for 24 h at 37°C in the presence of 5% CO 2 . The nonadherent cells were removed, and RPMI medium without antibiotics was added to each culture. The monolayers obtained in this way had predominantly macrophages (more than 95%) in their populations, as determined by nonspecific esterase staining (44) .
Infection of macrophages. The macrophages were infected at different MOIs tuberculosis were determined by a trypan blue exclusion assay or by the MTT assay (16) . Using these two methods, we found that more than 95% of the adherent cells were viable after 24 and 48 h of infection with the bacteria.
RNA isolation and Northern analysis. Total RNA was extracted by using the Trizol reagent as recommended by the manufacturer. An RNA pellet was suspended in sterile distilled water containing 0.1% diethyl pyrocarbonate (Sigma) and was stored at Ϫ80°C. For Northern analysis, 8 to 12 g of denatured RNA from approximately 15 ϫ 10 6 to 20 ϫ 10 6 cells was separated electrophoretically on 1.2 to 1.5% agarose-formaldehyde gels. The separated RNA was then transferred onto nylon membranes by using a Turboblotter (Schleicher & Schuell, Keene, N.H.) and was UV cross-linked with a Stratalinker (120 mJ; Stratagene, La Jolla, Calif.). Each membrane was prehybridized as described previously (45) . Briefly, the blot was washed in a solution containing 2ϫ SSC and 0.5% sodium dodecyl sulfate (SDS) for 1 h (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). Prehybridization was carried out in a solution containing 30% formamide, 5ϫ SSC, 50 g of sheared denatured salmon sperm DNA (Research Genetics, Inc., Huntsville, Ala.) per ml, 5ϫ Denhardt's reagent (Sigma), and 0.5% SDS for 2 to 3 h at 37°C. IL-1␤ and RANTES cDNA clones were obtained by screening a guinea pig-specific cDNA library as previously described (3, 46) . The cDNA were 32 P labeled by random priming (Amersham Pharmacia Biotech Inc., Piscataway, N.J.) using 25 ng of DNA according to the manufacturer's instructions. The unincorporated nucleotides after labeling were removed by using Sephadex G-50 columns (5 prime-3 prime, Inc., Boulder, Colo.). The membrane was hybridized overnight in a prehybridizing solution that contained guinea pig IL-1␤ (1.4-kb) or RANTES (0.6-kb) cDNA probes. The filters were washed twice (15 min each) in 2ϫ SSC containing 0.5% SDS at room temperature and finally in 0.3ϫ SSC-0.5% SDS for 30 min at 50°C. The blots were analyzed with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.). Fol-lowing analysis, the blots were stripped by using boiling distilled water and reprobed with a second radiolabeled cDNA and finally with antisense 18S rRNA (Ambion, Austin, Tex.) as an internal standard to ensure equal RNA loading. The sums of counts above the background value were analyzed by using the Imagequant software (Molecular Dynamics). The percentage of basal (unstimulated naïve) RNA was calculated by using the following formula: [(unstimulated culture cytokine mRNA/18S rRNA)/(stimulated culture cytokine mRNA/18S rRNA)] ϫ 100. Each experiment was repeated at least three times. The results shown below include a representative RNA blot and the results of a combined densitometric analysis of three or more independent experiments. The densitometric results for unstimulated naïve or unstimulated BCG-vaccinated cultures were set to 100% basal.
Statistics. The densitometric data are expressed below as percentages (means Ϯ standard errors). The significance of the differences between naïve and BCGvaccinated groups was determined by analysis of variance (ANOVA). The differences within the naïve and BCG-vaccinated groups were examined by using Student's two-tailed t test and Dunnett's test, respectively.
RESULTS
Effects of BCG vaccination and stimuli on mRNA expression in splenocytes. We first evaluated IL-1␤ and RANTES mRNA expression in spleen cells following stimulation with a variety of agonists. Whole spleen cells from naïve or BCGvaccinated guinea pigs were stimulated with ConA, LPS, PMA plus ionomycin, or PPD for specific periods of time, and IL-1␤ and RANTES mRNA expression was examined by Northern blotting (Fig. 1) . Low levels of IL-1␤ and RANTES mRNA were expressed in the spleen cells of naïve guinea pigs. Stimulation of cells with LPS resulted in significant increases in both IL-1␤ (P Ͻ 0.02) and RANTES (P Ͻ 0.001) mRNA expression, while stimulation with PPD affected only IL-1␤ expression. ConA and PMA plus ionomycin had only marginal effects on IL-1␤ and RANTES mRNA expression. Following BCG vaccination, stimulation with ConA, LPS, and PMA plus ionomycin resulted in significantly increased IL-1␤ and RANTES mRNA expression in the spleen cells. Although the IL-1␤ mRNA expression induced by PPD was similar to the IL-1␤ mRNA expression induced by the other agonists, it was significantly different from the IL-1␤ mRNA expression in the unstimulated group (P Ͻ 0.05), while the PPD-induced RANTES mRNA levels were lower than the RANTES mRNA levels induced by the other stimulants (P Ͻ 0.05). Overall, BCG vaccination resulted in significant increases in both IL-1␤ (P Ͻ 0.009) and RANTES (P Ͻ 0.0001) mRNA expression in spleen cells. There was a one-to threefold increase in IL-1␤ mRNA expression and a two-to fourfold increase in RANTES mRNA expression in spleen cells after stimulation with the nonspecific agonists or antigen-specific PPD compared to the expression in cells from naïve animals.
A PPD dose-response study indicated that 5 g of PPD induced the maximum RANTES mRNA response; lower levels of RANTES mRNA were observed with the higher doses of PPD (10 to 25 g/ml). However, at the higher doses the levels were still significantly higher (P Ͻ 0.05, as determined by Dunnett's test) than the levels in unstimulated cultures (data not shown).
Effect of BCG vaccination on mRNA expression after in vitro infection of macrophages with live mycobacteria. We examined whether the virulence of the organism affects expression of IL-1␤ and RANTES mRNA in macrophages derived from adherence-purified PEC. Cells from naïve and BCGvaccinated animals were infected in vitro for 24 h with different strains of mycobacteria at MOIs ranging from 1:30 to 1:10. As shown in Fig. 2 , uninfected macrophages from naïve and BCGvaccinated animals expressed low levels of RANTES mRNA. After infection with M. tuberculosis H37Ra or H37Rv, there was an increase in RANTES mRNA expression in the macrophages from naïve animals, while BCG or M. avium infection had no apparent effect. In contrast, the levels of expression increased significantly (P Ͻ 0.01) when macrophages from BCG-vaccinated guinea pigs were infected with the different strains of mycobacteria (Fig. 2) . The mRNA levels were Effect of different MOI on IL-1␤ and RANTES mRNA expression. In our preliminary studies, infection with virulent M. tuberculosis induced lower IL-1␤ and RANTES mRNA levels in macrophages than infection with the attenuated strain induced. However, the MOIs used in the experiment whose results are shown in Fig. 2 for different strains were not the same and ranged from 1:30 to 1:10. Therefore, macrophages from BCG-vaccinated guinea pigs were infected at three MOIs with various strains of mycobacteria. PEC cultures with bacterium/macrophage ratios of 1:30, 1:10, or 3:10 were established, and total RNA was harvested from these cultures 24 h after infection and used for Northern analysis. As shown in Fig.   3 , the levels of IL-1␤ mRNA were significantly higher (P Ͻ 0.0001) in the cultures infected with BCG, M. avium, or M. tuberculosis H37Ra, H37Rv, or Erdman at all three MOIs (Fig.  3A and B ) than in the uninfected macrophages. Infection with BCG, M. avium, or the attenuated H37Ra strain of M. tuberculosis induced the maximum response. However, IL-1␤ mRNA expression was significantly lower (P Ͻ
A dose-response relationship between the number of bacteria and IL-1␤ mRNA expression was not evident at the MOIs tested in these experiments.
Macrophages also exhibited RANTES mRNA expression after infection with various mycobacterial strains. The levels of RANTES mRNA were higher after infection with BCG (P Ͻ 0.0001 at an MOI of 3:10), M. avium (P Ͻ 0.003 at an MOI of 3:10), M. tuberculosis H37Ra (P Ͻ 0.002 at an MOI of 1:30 and P Ͻ 0.0001 at an MOI of 3:10), M. tuberculosis H37Rv (not significant), and M. tuberculosis Erdman (P Ͻ 0.001 at an MOI of 1:30 and P Ͻ 0.0006 at an MOI of 3:10) than they were in the uninfected cultures ( Fig. 3C and D) . However, BCG, M. avium, and M. tuberculosis H37Ra and Erdman induced higher levels of mRNA at an MOI of 1:30 or 3:10 than at an MOI of 1:10. Moreover, similar levels of mRNA were induced at MOIs of 1:30 and 3:10 by all of the strains except BCG, which induced a stronger response at an MOI of 3:10. Similar to the effect on IL-1␤ mRNA expression, infection of macrophages with M. tuberculosis H37Rv induced lower levels of RANTES mRNA than infection of macrophages with the attenuated H37Ra strain induced at MOIs of 1:30 (P Ͻ 0.001) and 3:10 (P Ͻ 0.0002). Infection with M. tuberculosis Erdman did not result in any reduction in the mRNA level at any of the infective doses. The percentages of reduction in the response obtained with the H37Rv strain were about 25, 30, and 60% at MOIs of 1:30, 1:10, and 3:10, respectively. The viabilities of macrophages after infection with M. tuberculosis H37Rv at all these MOIs were assessed by either trypan blue staining or the MTT assay after 48 h of infection. The results indicated that more than 95% of the cells were viable as determined by these two methods (data not shown). Therefore, the decreases in the cytokine or chemokine responses seen after virulent M. tuberculosis infection occurred in the absence of cytotoxicity.
Kinetics of IL-1␤ and RANTES mRNA expression in cultured macrophages. The kinetics of IL-1␤ and RANTES mRNA induction were assessed with macrophages from both naïve and BCG-vaccinated guinea pigs. The macrophages were infected with the virulent H37Rv strain of M. tuberculosis at an MOI of 1:30 for various periods of time. Figure 4A and B show that upon infection with the M. tuberculosis H37Rv strain, macrophages from both naïve and BCG-vaccinated guinea pigs exhibited a significant increase in IL-1␤ mRNA expression compared to uninfected cultures (P Ͻ 0.05). However, the macrophages from BCG-vaccinated guinea pigs exhibited an The differences between naïve and BCG-vaccinated groups were examined by ANOVA (P Ͻ 0.01), and the differences within groups were analyzed by Student's t test or by Dunnett's test. A dagger indicates that the P value was Ͻ0.05 for a comparison with the data obtained for unstimulated cultures, and an asterisk indicates that the P value was Ͻ0.01 in comparison with the data obtained with M. tuberculosis H37Ra. enhanced response compared to the cells from naïve animals (P Ͻ 0.0001). In both groups, the mRNA was induced as soon as 1 h after infection, the level peaked at 4 h, and then the level decreased with time over 48 h. The level of mRNA expression in macrophages fell to the basal level by 48 h in the naïve animals, but it was still elevated after 48 h in cells from the BCG-vaccinated animals.
The kinetics of RANTES mRNA induction in macrophages are shown in Fig. 4C and D. Uninfected macrophages from both naïve and BCG-vaccinated guinea pigs contained low levels of RANTES mRNA. Infection with the M. tuberculosis H37Rv strain did not alter the chemokine mRNA profile for the naïve group, whereas the levels were significantly enhanced (P Ͻ 0.0001) in the BCG-vaccinated group. In the latter group, upregulation of mRNA was evident 4 h after infection, and the levels at 18, 24, and 48 h were significantly different (P Ͻ 0.05, as determined by Dunnett's test) from the control levels; the maximum response occurred at 48 h. It was clear from other experiments that RANTES mRNA expression occurred even 72 h after infection, and the level of expression fell to the basal level by 120 h (data not shown).
Kinetics of IL-1␤ mRNA expression in splenocytes. In order to determine whether IL-1␤ mRNA induction occurs in splenocytes as well as in macrophages, the kinetics of IL-1␤ mRNA expression in spleen cells from BCG-vaccinated animals after stimulation with PPD (15 g/ml) or infection with M. tuberculosis H37Rv (MOI, 1:30) were determined (Fig. 5) . Compared to unstimulated cultures, IL-1␤ mRNA was significantly induced as soon as 1 h after PPD stimulation (P Ͻ 0.0005), and the level of IL-1␤ mRNA remained well above the basal level after 4 h (P Ͻ 0.001) and 18 h (P Ͻ 0.009) in culture and began to decline by 24 to 48 h. Following infection with virulent M. tuberculosis, low levels of IL-1␤ mRNA were seen at 1 h (P Ͻ 0.01), a maximum response was seen at 4 h (P Ͻ 0.0005), and the levels were still elevated at 18 h after infection (P Ͻ 0.003) and declined by 48 h. Thus, the kinetics of IL-1␤ mRNA induction in the spleen cells somewhat paralleled the kinetics of IL-1␤ mRNA induction in PEC after infection with M. tuberculosis.
DISCUSSION
Previous work in our laboratory demonstrated that BCG vaccination induced a strong delayed-type hypersensitivity response to PPD in guinea pigs, which was associated with the ability of lymphocytes to proliferate and produce IL-2 in response to PPD (28, 30) . Furthermore, prior vaccination with BCG protected guinea pigs against aerosol infection with virulent M. tuberculosis (29) . Because IL-1␤ and RANTES are known to be associated with protective immune responses against mycobacteria, studies were undertaken to elucidate the effect of BCG vaccination on expression of these molecules in cultured guinea pig cells stimulated in vitro with various agonists, including mycobacterial antigens (PPD), or living mycobacteria. The effects of the agonists used in this study (Fig. 1) on the ability of guinea pig spleen cells to induce IL-1␤ and RANTES mRNA expression are quite comparable to what has been reported for other systems. Peripheral blood leukocytes from normal human subjects stimulated with LPS or ConA produced IL-1␤ (35) , and in mouse macrophages production of RANTES mRNA was induced following stimulation with LPS (22) . PMA alone or in combination with ionomycin elicited secretion of RANTES and upregulated RANTES promoter activity in human lymphocytes or macrophages (34, 41) . Similarly, stimulation of human peripheral blood leukocytes with PPD is known to result in production of RANTES protein (8) .
Our data indicate that guinea pig spleen cells, which consist of both lymphocytes and macrophages, respond in a similar manner when they are compared to other systems for induction of IL-1␤ and RANTES mRNA and when they are stimulated with PPD or agonists in vitro.
In the present study, it was observed that peritoneal macrophages from BCG-vaccinated animals infected with different mycobacterial strains in vitro exhibited significantly greater responses for both IL-1␤ and RANTES mRNA than cells from naïve animals exhibited (Fig. 2 ). Drapier and Hibbs (14) reported that in vivo infection of mice with BCG induced activated macrophages in the peritoneal cavity as these macrophages killed tumor targets more effectively than cells from uninfected mice killed tumor targets. Alternatively, it is possible that our macrophage preparations contained contaminating lymphocytes (less than 5%) that contributed to this effect.
There is ample evidence which indicates that IL-1␤ plays an important role in host resistance to mycobacteria, and expression of IL-1␤ has been associated with protective immunity (49) . In humans, increased gene expression and release of IL-1␤ and TNF-␣ were seen with the BAL cells of tuberculosis patients when they were compared with cells from normal subjects (25) . In other studies, live BCG induced production of proinflammatory cytokines, such as IL-1␤ or TNF-␣, in tuberculosis patients and healthy individuals irrespective of their tuberculin skin status (43) . Both M. tuberculosis and its cell wall components, as well as heat shock proteins from M. tuberculosis, Mycobacterium leprae, and M. bovis, induced mRNA for IL-1␤, TNF-␣, and granulocyte-macrophage colony-stimulating factor in human monocytes (19, 36) . In our study of guinea pig macrophages, IL-1␤ mRNA expression also increased in response to mycobacterial infection in vitro, and this response was enhanced following BCG vaccination (Fig. 4A and B) . These findings are consistent with a protective proinflammatory cytokine response following infection, and the response appears to mimic the response in humans infected with M. tuberculosis.
It is known that T cells and monocyte/macrophages, the When the naïve and BCGvaccinated groups were compared, the P value was Ͻ0.0001, as determined by ANOVA. A dagger indicates that the P value for a comparison of uninfected macrophages and an infected culture was Ͻ0.05, as determined by Dunnett's test. integral components of a granuloma reaction, migrate in response to RANTES (3, 39) . During the acute phase of tuberculosis, the levels of RANTES, IL-8, and monocyte chemoattractant protein 1 (MCP-1) were markedly increased in BAL fluid, and the concentration of RANTES correlated significantly with the absolute number of CD4 ϩ cells (23) . RANTES expression has been detected in the granulomatous lesions of both sarcoidosis and tuberculosis patients (13) , and expression of RANTES was predominant in the macrophages and endothelial cells in the lesions. The role of RANTES in antimycobacterial immunity has also been studied in mouse systems. In IFN-␥ knockout mice, decreased levels of TNF-␣ and RANTES mRNA were found after granulomas were elicited by beads coated with PPD (6) . Similarly, in mouse models of type 1 and type 2 cell-mediated pulmonary granulomas elicited with M. bovis or Schistosoma mansoni egg antigencoated beads, type 1 lesions had higher levels of RANTES protein and mRNA production than type 2 lesions. Injection of anti-RANTES antibody decreased the type 1 lesions and increased the type 2 lesions (7). These findings suggest that expression of RANTES is associated with the presence of protective cytokines and that RANTES contributes to mediation of an effective immune response.
Despite the rather extensive studies regarding the immune responses in mice and humans, very few studies have addressed this question with guinea pigs. Vaccination of inbred guinea pigs with M. bovis BCG resulted in an increase in the proportion of CD8 ϩ T cells in the spleens at 8 days postvaccination (21) . Expression of RANTES and IFN-␥ mRNA was detected in the spleens of both naïve and BCG-vaccinated animals by reverse transcription-PCR. Furthermore, after vaccination, CD8 ϩ T cells but not CD4 ϩ cells from the lymph nodes expressed RANTES and IFN-␥ mRNA (21) . It is difficult to compare our results with the results of this previous study because the two studies differed in the strain of animals used, the dose of BCG used for vaccination, the time point at which the assays were done, and the assay with which mRNA expression was determined. Additionally, the cells used in the previous study were not cultured or further stimulated with any antigens, as the cells used in our studies were.
The time course of IL-1␤ and RANTES mRNA expression seems to differ after virulent M. tuberculosis infection, as IL-1␤ mRNA expression was observed as soon as 1 to 4 h after infection (Fig. 4A and B and 5) . The time courses of IL-1␤ mRNA expression are similar in spleen cells and macrophages after virulent mycobacterial stimulation. Furthermore, PPD and viable mycobacteria induce similar kinetics for IL-1␤ mRNA expression in splenocytes. Unlike IL-1␤ mRNA induction, induction of RANTES mRNA was delayed, and the response peaked only at 48 h (Fig. 4C and D) . Our results are consistent with other reports as IL-1␤ is a proinflammatory cytokine and is known to be induced in human monocytes as soon as 3 h after infection with M. avium (18) . In contrast, the release of RANTES protein was delayed until 24 h when human epithelial cells were infected with M. avium (38) , and the maximum response occurred 72 h after infection. Thus, human and guinea pig cells appear to respond similarly to mycobacterial stimulation of induction of IL-1␤ and RANTES mRNA.
Although no clear dose-response effect was seen in the MOI experiments, it is interesting that virulent M. tuberculosis induced lower levels of mRNA expression irrespective of the MOI used. It is not clear why virulent M. tuberculosis H37Rv induced less IL-1␤ and RANTES mRNA than the attenuated H37Ra strain induced in the BCG-vaccinated hosts but not in the naïve guinea pigs (Fig. 2) . Macrophages infected with the Erdman strain expressed high levels of RANTES mRNA comparable to the level expressed by cells infected with an avirulent strain. We found that M. tuberculosis Erdman was slightly more virulent than the H37Rv strain in guinea pigs (unpublished data); however, the differences in the peak bacterial levels in the lungs and spleens 3 to 5 weeks after low-dose pulmonary infection were not statistically significant. Several reports have shown that the levels of certain cytokines, such as TNF-␣ or IL-1␤, produced after mycobacterial stimulation seem to depend on the virulence of the organism and that this might be related to pathogenesis. It is known that the attenuated H37Ra strain of M. tuberculosis is capable of inducing a larger amount of NO in cultured human peripheral blood (24) . In the case of AIDS patients, less IL-1␣ and less IL-1␤ were produced by monocytes in response to virulent M. avium than were produced by cells from healthy subjects. In both control and AIDS patients, infection of monocytes with the less virulent organism M. avium induced the release of more IL-1␤ (18) . Other reports indicated that infection of human monocytes or macrophages with virulent M. avium downregulated production of proinflammatory cytokines (IL-1␤, TNF-␣, IL-6, and granulocyte-macrophage colony-stimulating factor) compared to infection with less virulent bacteria (33) . Similar observations have been made with mice as lipoarabinomannan (LAM) from an attenuated strain of M. tuberculosis induced macrophage activation and TNF-␣ production, whereas LAM from the virulent Erdman strain was less active (2) . Several factors, including differences in the LAM structure at the nonreducing termini in virulent and nonvirulent mycobacteria (5), differential induction of early genes (37), or different receptors that mediate phagocytosis (40) , have all been used to explain this effect. It seems that virulent mycobacterial strains disarm host defenses by failing to induce proinflammatory cytokines that are necessary for resistance (33) . The mechanism of IL-1␤ or RANTES mRNA inhibition by virulent mycobacteria is not well understood. Several immunosuppressive cytokines, such as IL-10 or TGF-␤, have been implicated in the pathogenesis of tuberculosis in mice, humans, and guinea pigs (11, 42) . Previous results in our laboratory indicated that peritoneal macrophages from protein-malnourished guinea pigs produced high TGF-␤ levels after in vitro infection with virulent M. tuberculosis (11) compared to the levels of TGF-␤ produced by macrophages from normally fed animals. TGF-␤ is known to inhibit LPS-induced IL-1␤ in human peripheral blood mononuclear cells in a dose-dependent manner (4) . Production of other cytokines, such as TNF-␣ induced by M. bovis BCG, was also inhibited by TGF-␤ in human mononuclear cells (32) . It is possible that excessive levels of TGF-␤ produced by monocytes infected with virulent mycobacteria downregulate IL-1␤, TNF-␣, and other mediators of protective immunity. Our laboratory is now examining the immunomodulatory role that TGF-␤ might play in M. tuberculosis infection in guinea pigs.
In conclusion, these initial studies strongly indicate that BCG vaccination enhances cytokine responses in guinea pig cells towards agonists and living mycobacteria. In addition, this system can be successfully used to demonstrate individual differences in cytokine profiles after stimulation of cells with virulent mycobacteria and with attenuated strains. Furthermore, we provide evidence that virulent mycobacteria may interfere with proinflammatory cytokine and chemokine responses in vitro. However, the cellular source(s) of the cytokine and chemokine was not clearly determined in this study. With the help of recombinant proteins, as well as antibodies to these molecules, future studies will focus on characterizing the cells that are specifically involved in upregulation of IL-1␤ and RANTES mRNA. Since the guinea pig model is gaining importance as a tuberculosis model, detailed studies of immunoregulation by cytokines and chemokines in this species should allow us to characterize the effects of candidate vaccines against M. tuberculosis.
